Abstract
Introduction
The issue of haptically rendering interactive virtual environments is essentially a teleoperation problem, in which the haptic interface and the virtual slave are almost always both kinematically and dynamically dissimilar, resulting in some difficulty in realizing transparent interaction between the user and the synthetic environment [ 111. For haptic displays] impedance and admittance simulations have been proposed [l, 2, 13, 81. Impedance display, the more widespread of the two, passes sensed hand positions to the dynamic simulator, while forces are returned from the environment. This is essentially a two-channel approach. The transmission of positions and forces in both directions between master and slave has been found to be important for achieving high performance in teleoperation systems 16, 111. In this paper we describe a novel multi-channel architecture for haptic simulation, as well as the use of an explicitly modelled vzrtual slave. A four-channel coupling between the haptic interface and dynamic simulation allows the interface to behave as a force sensor or as a position sensor depending upon the impedance of the virtual environment, and is therefore a hybrid of the two traditionally adopted approaches [ll] . This strategy has been evaluated experimentally by means of a haptic simulation in which the user manipulates a virtual slave within a contact environment via a new parallel, redundant device. The haptic interface maintains a large, isotropic workspace while sensing both position and applied hand forces, in accordance with the fourchannel control framework. A force/velocity observer is employed for force sensing without additional hard-0-7803-5886-4/00/$1 O.OO@ 2000 IEEE 789
and is shown to be effective despite using only joint angle measurements and a detailed model of the mechanism dynamics. The paper begins with a description of the haptic simulation system and is followed by an outline of the haptic device design, its dynamics, actuation and sensing. The interface control and its implementation within the teleoperation framework are detailed and evaluated experimentally. Finally, concluding remarks and scope for future work are presented.
Haptic Simulation Architecture
A virtual environment system serves as a test bed for the concepts presented in subsequent sections. It comprises a new planar 3-DOF haptic interface; virtual slave and environment models; a controller that coordinates both force and position information between the haptic interface and the virtual environment; and a graphical display, as depicted in Figure 1 . The user ma- nipulates a virtual rectangular block that is contained within an enclosure of virtual rigid walls, rendered by a physically-based contact model [3]. The block has a mass of 2kg and a moment-of-inertia of 0.005kgm2, which are to be perceived by the human hand as it manipulates the haptic interface. The real-time control architecture maintains a control loop sampling rate of lOOOHz and is supported by a 400MHz PC running the QNX operating system. The input of joint angles and the output of motor current values is performed by a Quanser M~l t i -Q -3~~ 1/0 adapter.
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force applied to the end-effector. Mass and Christoffel matrices Dp and Cp are also present.
Y

The Planar Pantograph Haptic Interface
The haptic interface has three degrees of freedom allowing for planar translation and unlimited rotation about a single axis, as shown in Figure 2 . The endpoints are coupled by means a linkage connected to the interface handle. The linkage bar forms a crank that allows the handle to rotate unhindered. Each pantograph is driven by two DC motors located at the base joints. of two pantographs move in different parallel planes and Figure 3 : configuration and Parameters.
The equations of motion describing the workspace dynamics of two coupled pantographs become:
The three-degree-of-freedom planar pantograph interface.
Mechanism Dynamics
An accurate model of haptic interface dynamics is desirable for control purposes and begins with the derivation of the equations of motion using the EulerLagrange approach [12] . Because of the complex parallel structure of the interface and its inherent actuation redundancy, the dynamics of each pantograph mechanism is first described separately and then combined to form a single model. The equations of motion in ac- The internal force acting longitudinally along the linkage bar does not affect the system dynamics since the actuator torques which constitute this force lie in the null space of J T . Note that as the pantographs are oriented horizontally, there are no gravity terms. Friction is insignificant and can be neglected.
Actuation and Sensing
Four SOW DC motors provide actuation at the active pantograph joints and are considered, for the purposes of control, to be torque sources. Each of the four joint angles is measured by a digital optical encoder with a resolution of 0.09 degrees. Velocities, accelerations and forces are not directly measurable and are computed purely from joint angle measurements and applied motor torques. The relatively low resolution of these measurements presents a significant challenge to this computation. External forces applied by the hand are derived using a system state observer [4]. Given an accurate dynamic model, as well as measured joint angles and applied actuator forces, the system states (angular joint velocity) and unknown external disturbances (hand force applied to the interface end-effector) can be observed and computed, as indicated in Figure 4 . This strategy has been demonstrated for a single unarticulated body [4], but is shown here to be applicable to a parallel mechanism using a simplified Nicosia Observer ment. The operator should feel the dynamics of a virtual object in free motion and environment forces during contact phases, while the operator hand force and motion should be conveyed to the virtual object. This can be achieved by adopting a two stage control strategy that consists of interface control and teleoperation control subsystems.
Interface Control
Figure 4: Force observation using only applied actuator torques and measured joint angles.
simplified Nicosia Observer for serial mechanisms [9]:
The performance achievable by the teleoperation controller is directly affected by the interface control approach. The goal is to design an impedance controller that enables one to shape the device dynamics to match any desired behaviour. This greatly simplifies by an inverse dynamics model, with those estimated by the on-line force observer. The force observer clearly tracks the applied hand force closely. A relatively low observer bandwidth, limited by the coarse joint angle resolution, results in some degradation of the force and velocity observations at higher frequencies.
Control System Architecture
The twin pantograph interface provides the operator with a means of interacting with the virtual environ-
where Md is the desired mass matrix, Bd is the desired damping matrix, Kd is the desired stiffness matrix and Fm is an external control command e.g. the sum of control commands by C,, C2, Cq, and CS in Figure 6 . By combining (5) and (2), the following impedance control law is derived:
From this equation, it is clear that if the apparent mass of the device is to be changed (Md # M,) then a measure of the hand force, or equivalently, the acceleration X , is required. The observed hand force is used to synthesise the control law. In practice this controller was able to achieve a perceived mass greater than ten times the physical mass of the device.
Once the control command U is found, it should be converted to motor torques r. Since there is a redundancy in the actuation system, r is not unique. Redundancy may be used to minimize the internal force applied on the connecting bar. In this case, the motor torque vector is given by 
Teleoperation Control
Though our problem is primarily a haptic simulation, a tele-operation control strategy is adopted to interlink the hand controller with the virtual object. In this a p proach, the master is the haptic device interacting with a human operator, while the slave is replaced by the based controllers. In a haptic simulation, the slave and environment are virtual and the dynamic simulator replaces 2, and 2,. C, is a local controller for the virtual slave, designed independently from the dynamic simulator. 2 , is the desired dynamics of the master in (5).
Therefore C, and c 6 act in addition to the impedance controller. The structure shown in Figure 6 has the following hybrid two-port network representation:
In teleoperation control design, there is always a trade-off between the achievable level of transparency and robust stability [6] . For perfect transparency, H = [ -1 zt 0 ' 1 .
(9)
In this case, the operator interacts with the environment via the tool impedance, 2,. However, the teleop eration network optimized for transparency does not necessarily satisfy stability requirements. Llewllyn's criteria provide the necessary and sufficient conditions for system stability against any passive hand and environment impedance [l, 71 . It is not difficult to show that as long as both force gains are set to unity (i.e., C, = C, = l ) , these requirements are not met. Once the force gains are reduced (at least one of them), the system becomes unconditionally stable unless the master and slave are identical and have no damping term. In such cases some damping must be added to the master and the slave sides.
Experimental Results
Different teleoperation control algorithms were implemented on the haptic device described in Section 3. Experimental results comparing their performance are presented in this section. The device was used to handle a virtual rectangular object both in free motion and in contact with a virtual wall. The impedance controller was designed to match the dynamics of the twin pantograph with the virtual object which is linear and decoupled in each coordinate. Therefore, teleoperation controllers can be designed separately for each degree of freedom. Both local impedance and the teleoperation controllers require the velocity of the master in workspace coordinates. These velocities were derived from angular velocities of the motors using the Jacobian relation (3). The angular velocities were estimated from encoder measurements using the force/velocity observer The experimental results in the y-coordinate are presented here, while similar behavior was observed in the other two coordinates. A spring model with IC = 10000N/m was used for the virtual wall. The slave impedance was chosen as Z s ( s ) = 2s (a pure mass) in translation and Zs(s) = 0.005s in the angular direction.
In the following experiments, local force gains C5 and (a) Two-channel teleoperation
In the first experiment, a two channel position-force architecture was used for haptic simulation. This is similar to an impedance simulation approach. The results are presented in Figure 7 . Note that while the force tracking is good, the position tracking is lost during the contact phase which is the major drawback of this approach. 
(6) Fully tmnsparent four-channel
This experiment was conducted using C, = C, = 35 + 9, C1 = c,, ~4 = -Cm, and CZ = ~3 = 1. In fact, the enviroment and hand forces are fed forward to the master and slave with unity gains whereas a virtual spring-damper coupler is also introduced through position channels and local controllers (Cm and Cb). Figure 8 shows the position and force tracking both in free motion and during contact. Considerable chattering in contact forces is observed. However, accurate position tracking is obtained during both phases. Clearly the four-channel architecture outperforms the two channel approach in the previous experiment, at the expense of increased chattering. Figure  9 . The force chattering is heavily reduced whereas the position tracking is still very good. 40 + e, C 1 = -C4 = 35 + e, and CZ = 0.8, C 3 = 1. Figure 10 shows the experimental results with this set of parameters. The force chattering is reduced at the expense of a deterioration in the system transparency, as predicted before. This is particularly evident when the object is in contact with the wall.
Conclusions and Future Work
This paper has outlined a novel control system design approach for haptic simulations. In an experimental virtual environment consisting of a new 3-DOF planar haptic interface, a novel force observer (based purely upon the model of the device, joint angle measurements and applied motor torques) and physically-based slave and environment models, a teleoperation control framework is shown to be effective for haptic rendering. The advantage of this approach is that it provides a clear and general methodology for interactive virtual environment design. The explicit modelling of a virtual slave means that complex, multi-body and perhaps time varying slave behaviour is easily incorporated, independently of the haptic interface or its associated control system. This is in contrast to the traditional approach in which slave dynamics are implied within the h a p tic interface control system itself. Based on the experimental results, a four-channel teleoperation framework, augmented with adaptive damping, performs very well both in free motion and during contact phases. Future work includes improvements and further evaluation of force observer accuracy, as well as the incorporation of more complex slave dynamics. Further optimization of the trade-off between system transparency and stability is also required of the controller design.
